Introduction
Methane (CH 4 ) emissions from ruminants can result in significant loss of feed efficiency: 42 up to 12% of gross energy intake for forage-fed cattle and 4% for concentrate fed-cattle (13).
Because methane is 25 times more potent than carbon dioxide as a greenhouse gas (22), methane 44 emitted from ruminants amounted to 141 teragrams of CO 2 equivalents (Tg CO 2 Eq.), accounting for 25% of total methane emissions from anthropogenic activities in the USA in 2008 (26). To 46 mitigate negative impact on climate change and to improve feed efficiency, numerous strategies have been tested in reducing methane emission from ruminant livestock. Plant extracts (7, 9), 48 vaccine (28), ionophores (27), or dietary strategies (20) have been evaluated for efficacy in reducing ruminal methane emission. However, only monensin has been used in animal feeding 50 operations, and it typically achieves only transient reductions in methane production (11). More importantly, the monensin-driven reduction in methane reduction is largely attributable to 52 decreased feed digestibility (4, 18). 4 cultured cellulolytic bacteria (i.e., Fibrobacter succinogenes, Ruminococcus albus, and R. flavefaciens) and methanogens was also examined.
64

Materials and Methods
66
In-vitro ruminal cultures. Ruminal fluid was collected from a cannulated Jersey bull fed rye grass before morning feeding. The fluid was filtered through four layers of sterilized cheesecloth 68 and clarified by centrifugation at 4°C and 10,000 xg for 20 min. The medium consisted of the clarified rumen fluid and artificial saliva in a 1:2 ratio (16) . Each culture tube received 9 ml 70 medium and 1 ml fresh ruminal fluid (obtained from the same bull) as inoculum. Finely ground alfalfa hay, which is one of the most common forages for dairy cattle, was added (0.2 g DM per 72 culture tube) as the only forage substrate (2, 3, 5). Each of the following inhibitors was added to a final concentration of 12 mM: 2-bromoethanesulphonate (BES), propynoic acid (PA, as free 74 acid), sodium nitroethane (NE), ethyl trans-2-butenoate (ETB), 2-nitroethanol (2NEOH), sodium nitrate (SN), and ethyl-2-butynoate (EB). The control cultures were set up the same as the 76 treatments, but received no inhibitor. Each treatment and control culture was done in triplicates.
All the cultures were prepared in an anaerobic chamber containing N 2 (85%), H 2 (10%), and CO 2 78 (15%). Each culture tube was fitted with a butyl rubber stopper that was fastened with an aluminum crimp. All the cultures were incubated at 39°C for 48h without agitation.
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Biogas and VFA analyses. After 48 h of incubation, gas volume produced was determined in 82 each tube by volume displacement using a system consisting of a needle, tubing, and another 20 ml culture tube. Composition of the biogas collected from the headspace and concentrations of 84 VFA in the cultures were determined using gas chromatography as described previously (19) .
on October 15, 2017 by guest http://aem.asm.org/ Downloaded from PCR, DGGE, and qPCR. Metagenomic DNA was extracted using the repeated bead beating 88 and column purification (RBB+C) method (35), which results in efficient recovery of PCR-quality DNA from microbiome samples. The quality of the DNA was assessed using 90 agarose gel (1.0%) electrophoresis, and DNA concentrations were determined using a Quanti-It kit (Invitrogen, Carlsbad, CA). The primers and their corresponding annealing temperatures used 92 in this study are listed in Table 1 . PCR-DGGE for bacteria and archaea was done using a 40-60% denaturant gradient essentially as described previously (31, 33). To eliminate potential impact of 94 different amounts of DNA template on DGGE profiles, 100 ng metagenomic DNA each was used in PCR reactions and the same volume of PCR products were resolved on DGGE gels for 96 all the cultures. A 30 min final elongation step was added to the PCR to eliminate artifactual double DGGE bands (12). After normalization of the gels against ladders, only those bands with 98 a peak intensity exceeding 2.0% of the strongest band in each lane were included in further analyses.
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The population size of total bacteria, total archaea, Fibrobacter succinogenes, Ruminococcus albus, and R. flavefaciens was quantified using qPCR assays with respective 102 specific primers and probes ( Table 1) . The qPCR standard for F. succinogenes was prepared by PCR using its specific primers and genomic DNA from F. succinogenes S85. One 104 sample-derived qPCR standard each was prepared for the other species, total bacteria and total archaea using respective specific PCR primers and a composite DNA sample that was pooled 106 from an equal amount of metagenomic DNA extracted from all the cultured as described previously (6, 32). For each of the standards, copy number concentration was calculated based 6 on the length of the PCR product and the mass concentration. Ten-fold serial dilutions were made in TE buffer prior to qPCR assays.
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The conditions of the qPCR assays were the same as reported previously (6, 32) except for the primer annealing temperature ( Table 1 ). All the qPCR assays were performed using an 112 Mx3000p qPCR system (Stratagene, La Jolla, CA). Fluorescence resulting from possible primer dimers was excluded by using the fluorescence signal that was acquired at 86°C, at which primer 114 dimers were completely denatured as verified by melting curve analysis (32). Following qPCR, the amplicon products were confirmed by agarose gel (1.2%) electrophoresis. To minimize 116 variations, the qPCR assay for each species or group was done in triplicates for both the standards and the metagenomic DNA samples using the same master mix and the same PCR 118 plate.
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Statistical analysis. The data were analyzed using the General Line Model Procedure of SAS 8.1 (SAS Institute, Cary, NC). Means separation was conducted using the 122 Student-Newman-Keuls test of SAS, with significance declared at P ≤ 0.05. The population size of each microbial species or group was expressed as 16S rRNA gene copies per ml of culture.
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Results
126
Effects of inhibitors on total biogas and methane production. After 48 h incubation of the in-vitro ruminal cultures, biogas production was significantly inhibited in the PA, 2NEOH, and 128 SN treatments, with 2NEOH inhibiting the greatest, whereas other inhibitors did not significantly reduce biogas production (Fig. 1A) . The inhibition on methane production followed the same 7 magnitude was much smaller when compared to PA, 2NEOH, and SN (Fig. 1B) . Specifically, 132 relative to the methane produced in the no-inhibitor control, the PA treatment reduced methane production by 75.7%, EB by 23.3%, 2NEOH by 99.3%, and SN by 70.1%. The remaining 134 inhibitors tested did not significantly affect methane production in the in-vitro cultures.
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Effects of inhibitors on VFA production. Analysis of VFAs at the end of the 48 h incubation revealed significantly reduced production of total VFA in the PA, 2NEOH, and SN cultures, but 138 not in the EB, ETB, BES or NE cultures, when compared to the no-inhibitor control ( Effects of inhibitors on bacteria and methanogens. In agreement with the total biogas production, DGGE profiling revealed similar microbial communities among the NE, EB, BES, 150 and no-inhibitor control cultures. However, the PA, SN, 2NEOH, and ETB treatments exhibited different profiles that differed from those of the no-inhibitor control, the NE, EB, and BES 152 treatments ( Fig. 2) , suggesting significant effect on the bacterial population structure. In the ETB, 2NEOH, and PA treatments, several DGGE bands were absent in the low-gradient part of the gel.
Intense DGGE bands were observed in the SN and PA treatments in the high-gradient part of the DGGE gel. 156 Overall, except PA, all the inhibitors produced similar archaeal DGGE profiles, which were different from that of the control culture (Fig. 3) . The addition of PA resulted in a distinct DGGE 158 profile that differed from those of other inhibitors and the no-inhibitor control, especially the presence of intense doublet bands near the left margin of the DGGE gel. These doublet bands 160 were also present in the rumen fluid inoculum. The no-inhibitor control culture also exhibited a different DGGE profile than the rumen fluid inoculum, suggesting temporal successions in 162 methanogens during the in-vitro cultivation.
The abundance of total bacteria and the three major cellulolytic species of bacteria was 164 quantified in all the in-vitro cultures. Except PA, which reduced total bacterial population by nearly 24%, none of the inhibitors at the tested dose significantly affected the abundance of total 166 bacteria in the in-vitro cultures (Table 3 ). All the inhibitors significantly reduced the population of F. succinogenes, but to different magnitudes, with SN and ETB reducing this species the 168 greatest, by more than two orders of magnitude, while NE the least (by less than one log). With respect to R. flavefaciens, 2NEOH and PA significantly increased its population, by 217% and 170 725%, respectively, whereas the other inhibitors significantly reduced the population of this species by varying magnitudes. The population of R. albus was significantly increased in the Table 3 , however, BES reduced total methanogens by nearly one log. The discord between the dynamics of methanogen 218 population and production of methane might be partially attributable to insensitivity of some ruminal methanogens to BES and the high rate of methanogenesis pathway. 220 The bacterial DGGE profiles in the SN, ETB, 2NEOH, and PA treatments were altered, while the DGGE profiles in the NE, EB, and BES treatments remained similar to that of the treatments also significantly reduced VFAs and methane production. These results suggest that 224 these three inhibitors can affect certain bacterial populations in the ruminal cultures. This conclusion was confirmed by the qPCR analysis of R. albus, R. flavefaciens, and F. succinogenes:
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All the tested inhibitors dramatically reduced the population of F. succinogenes, but not R. albus (except nitrate) or R. flavefaciens. Interestingly, propynoic acid and 2-nitroethanol increased the 228 populations of both ruminococci. These three cellulolytic species have been regarded as major cultured cellulolytic bacteria in the rumen, but because the presence of other cryptic cellulolytic 230 species and lack of knowledge on their in-situ cellulolytic activities, the depressed fermentation can not be solely attributed to the decreased F. succinogenes population. This premise is also 232 supported by that the F. succinogenes population was reduced in all the treatments, while the concentrations of total VFA, acetate, and propionate were not affected in the ETB, NE, or BES 234 treatments. It is also interesting to note that F. succinogenes, a Gram-negative bacterial species, was reduced by all the inhibitors tested, while the two Gram-positive cellulolytic ruminococci 236 species, were either unaffected or increased. Although it is attempting to conclude that Gram-negative bacteria might be more susceptible to these inhibitors than Gram-positive species, 238 future studies using multiple bacterial species are required to verify this hypothesis.
The DGGE profiles of archaea in all the treatments differed from that of the no-inhibitor 240 control. Comparisons between the no-inhibitor control and the original rumen fluid inoculum also revealed temporal changes in archaeal population structure during the in-vitro incubation. 242 However, it is evident that all the inhibitors resulted in different DGGE profiles that are different from that of the no-inhibitor control, suggesting that these inhibitors can affect different 244 methanogen species differently. Sequencing of 16S rRNA genes is required to identify the species affected by each of the inhibitors. All the inhibitors decreased the population of total archaea. As mentioned above, however, only methane production in the PA, 2NEOH, and SN treatments was substantially reduced. Apparently, decreases in methanogen population may not 248 necessarily lead to reduction in methane production, and vise versa, at least within a short period of time. 250 Collectively, the seven anti-methanogen inhibitors evaluated in this study can be grouped into two groups: Propynoic acid, 2-nitroethanol, and nitrate as one group that inhibited VFAs, a Primer with a 40-bp GC clamp (CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G) attached to the 5' end was used in PCR-DGGE. Note: PA, propynoic acid; EB = ethyl-2-butynote; ETB = ethyl trans-2-butenoate; 2NEOH = 2-nitroethanol; NE = nitroethane; BES = 2-bromoethanesulphonate; SN = sodium nitrate (SN); and C = control containing no inhibitor.
Means within rows with different superscripts differ (p < 0.05).
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